Section I. Executive summary (less than one page): Utilize this section to address the general state of the project and highlight points of success and/or concern. Examples might include: exceeding major milestones, attracted follow-on investment, schedule slippage, met a milestone early or late, etc.
Technology has been developed that enables monitoring of individual cells in highcapacity lithium-ion battery packs, with a distributed array of wireless Bluetooth 4.0 tags and sensors, and without proliferation of extensive wiring harnesses. Given the safety challenges facing lithium-ion batteries in electric vehicle, civilian aviation and defense applications, these wireless sensors may be particularly important to these emerging markets. These wireless sensors will enhance the performance, reliability and safety of such energy storage systems. Specific accomplishments to date include, but are not limited to: (1) the development of wireless tags using Bluetooth 4.0 standard to monitor a large array of sensors in battery pack; (2) sensor suites enabling the simultaneous monitoring of cell voltage, cell current, cell temperature, and package strain, indicative of swelling and increased internal pressure, (3) small receivers compatible with USB ports on portable computers; (4) software drivers and logging software; (5) a 7S2P battery simulator, enabling the safe development of wireless BMS hardware in the laboratory; (6) demonstrated data transmission out of metal enclosures, including battery box, with small variable aperture opening; (7) test data demonstrating the accurate and reliable operation of sensors, with transmission of terminal voltage, cell temperature and package strain at distances up to 110 feet; (8) quantification of the data transmission error as a function of distance, in both indoor and outdoor operation; (9) electromagnetic interference testing during operation with live, high -capacity battery management system at Yardney Technical Products; (10) demonstrat ed operation with live high-capacity lithium-ion battery pack during charge-discharge cycling; (11) development of special polymer-gel lithium-ion batteries with embedded temperature sensors, capable of measuring the core temperature of individual of the cells during charge-discharge cycling at various temperatures, thereby enabling earlier warning of thermal runaway than possible with external sensors. Ultimately, the team plans to extend this work to include: (12) flexible wireless controllers, also using Bluetooth 4.0 standard, essential for balancing large-scale battery packs. LLNL received $925K for this project, and has $191K remaining after accomplishing these objectives. System: develop low-drain switch to control of current flow to each cell based upon sensed voltage, that can be controlled wirelessly by BMS, and can be used as distributed array in pack; develop low-drain operational amplifier circuits to charge each individual cell in pack with potential control; each operational amplifier will be capable of being wirelessly controlled by BMS, and can be used as distributed array in pack.  Detailed descriptions of these revised tasks and milestones are described in the following pages. representative of those expected for prototypical battery packs. STEs may include: 7S2P battery-pack simulator in air without enclosure; 7S2P battery-pack simulator in air with metal enclosure and variable aperture; actual lithium-ion battery-pack in air without enclosure and during cycling; actual lithium-ion battery-pack in air without enclosure and during cycling with metal enclosure and variable aperture; YTP 120-V lithium-ion battery pack or suitable alternative, with and without energized BMS system (6/24/2013)  3.1.2 -Quantify signal integrity (SI): measure bit error rate (BER) as a function of time and range for wireless tags with full suite of sensors, in both passive and active mode, in each standardized test environment (STE), with the results presented in the form of BER graphs. Communication rates will be varied from 1 Hz to up to 10 Hz, with the signal dropout rate measured at each operating frequency (10/15/2013).  3.1.3 -Quantify electromagnetic interference (EMI): determine the performance of wireless tags with full suite of sensors, in both passive and active mode, in each STE (11/15/2014).
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 3.1.4 -Quantify range of wireless tags: measure bit dropout rate as a function of distance for wireless tags with full suite of sensors, in both passive and active mode, in each STE(12/15/2013).  3.1.5 -Quantify power consumption: measure power consumption for single wireless tag with full suite of sensors, in both passive and active mode, as a function of STE and range; calculate the drain from lithium-ion battery pack for active mode (1/15/2014).  3.1.6 -Quantify economy of scale: perform engineering economic analysis to determine specific costs associated with transitioning "one-of-a-kind" active and passive printed circuit board (PCB) prototypes to mass-produced "N-of-a-kind" PCB tags (3/15/2014).  3.1.7 -Quantify form factor and flexibility: perform detailed engineering analysis based on design of printed circuit boards, antennas, ancillary hardware, and packaging, determining the characteristic external dimensions for active and passive PCB-type prototypes; determine suitability for various commercially available lithium-ion battery packs (6/15/2014),  3.1.8 -Demonstrate compliance of wireless tags and sensors, integrated into battery pack simulator and live battery pack with energized BMS to automotive and aerospace standards; specifically demonstrate compliance to CISRP 25 (automotive applications) and Mil-STD-461 (aerospace and military applications) (9/15/2014).  3.1.9 -Collaboratively test YTP battery pack, with active and passive tags, and with voltage, temperature and strain sensors at NTS or comparable sub-contractor (9/15/2015). LLNL received $925K for this project, and has $68K remaining at the end of November, 2013, after accomplishing many of the project's objectives. See Table 3 (following page) for details.
LLNL-TR-648044 -LLNL Wireless BMS Project ARPA-E AMPED Program -Monthly Report for November 2013
As requested by the PI, the LLNL Resource Manager updated the attached financial table to enable preparation of this report (Table 3 ). This report is normally required on a quarterly basis. Therefore, the Quarterly Expenditure header was modified by the Resource Analyst to reflect the accounting of costs for only October and November of 2013. Furthermore, the Cumulative Expenditure header was modified to reflect that those costs are only through November 2013. ARPA-e wanted to track/document these costs separately, which align with execution of those tasks inovled with execution of the Technology-to-Market (T2M) Plan. This task number will now be used as appropriate, including upcoming meetings with ARPA-e and/or Yardney meetings. This TT&O task had an original budget of approximately $50,000 (Table 4) . LLNL spent approximately $34,000 last year. Consistent with current guidance, we anticipate spending the remaining $16,238 in this task area. 
Accomplishments to date include: (1) the development of wireless tags using Bluetooth 4.0 standard to monitor a large array of sensors in lithium ion battery pack; (2) sensor suites enabling the simultaneous monitoring of cell voltage, cell current, cell temperature, and package strain, indicative of swelling and increased internal pressure, (3) small receivers compatible with USB ports on laptops; (4) software drivers and logging software; (5) a 7S2P battery simulator, enabling the safe development of wireless BMS hardware in the laboratory; (6) demonstrated data transmission out of metal enclosures, including battery box, with small variable aperture opening; (7) test data demonstrating the accurate and reliable operation of sensors, with transmission of terminal voltage, cell temperature and package strain at distances up to 110 feet; (8) quantification of the data transmission error as a function of distance, in both indoor and outdoor operation; (9) electromagnetic interference testing during operation with live, high-capacity battery management system at Yardney Technical Products; (10) demonstrated operation with live high-capacity lithium-ion battery pack during chargedischarge cycling; (11) development of polymer-gel lithium-ion batteries with embedded temperature sensors, capable of measuring the core temperature of individual of the cells during charge-discharge cycling at various temperatures, thereby enabling earlier warning of thermal runaway than possible with external sensors; (12) successful testing wireless tags and sensors in high-voltage high-energy pulse-power system relevant to survivability in grid storage application; and (13) initial comparisons of wireless approach to BMS to a competing approach using two-wire multiplexed option.
Ultimately, the team hopes to extend this work in the future to include: (14) use ASIC fabrication of reducing cost of individual wireless tags and sensors to less than $10 per unit; and (15) flexible wireless controllers, also using Bluetooth 4.0 standard, essential for balancing large-scale battery packs.
